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Abstract. China implemented systematic air pollution con-
trol measures during the 2008 Beijing Summer Olympics
and Paralympics to improve air quality. This study used
a versatile mobile laboratory to conduct in situ monitoring
of on-road air pollutants along Beijing’s Fourth Ring Road
on 31 selected days before, during, and after the Olympics
air pollution control period. A suite of instruments with re-
sponse times of less than 30 s was used to measure tempo-
ral and spatial variations in trafﬁc-related air pollutants, in-
cluding NOx, CO, PM1.0 surface area (S(PM1)), black car-
bon (BC), and benzene, toluene, the sum of ethylbenzene,
and m-, p-, and o-xylene (BTEX). During the Olympics (8–
23 August, 2008), on-road air pollutant concentrations de-
creased signiﬁcantly, by up to 54% for CO, 41% for NOx,
70% for SO2, 66% for BTEX, 12% for BC, and 18% for
SPM1, compared with the pre-control period (before 20 July).
Concentrationsincreasedagainafterthecontrolperiodended
(after 20 September), with average increases of 33% for
CO, 42% for NOx, 60% for SO2, 40% for BTEX, 26%
for BC, and 37% for S(PM1), relative to the control period.
Variations in pollutants concentrations were correlated with
changes in trafﬁc speed and the number and types of vehi-
cles on the road. Throughout the measurement periods, the
concentrations of NOx, CO, and BTEX varied markedly with
the numbers of light- and medium-duty vehicles (LDVs and
MDVs, respectively) on the road. Only after 8 August was
a noticeable relationship found between BC and S(PM1) and
the number of heavy-duty vehicles (HDVs). Additionally,
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BC and S(PM1) showed a strong correlation with SO2 before
the Olympics, indicating possible industrial sources from lo-
cal emissions as well as regional transport activities in the
Beijing area. Such factors were identiﬁed in measurements
conducted on 6 August in an area southwest of Beijing. The
ratio of benzene to toluene, a good indicator of trafﬁc emis-
sions, shifted suddenly from about 0.26 before the Olympics
to approximately 0.48 after the Olympics began. This ﬁnd-
ing suggests that regulations on trafﬁc volume and restric-
tions on the use of painting solvents were effective after the
Olympics began. This study demonstrated the effectiveness
of air pollution control measures and identiﬁed local and re-
gional pollution sources within and surrounding the city of
Beijing. The ﬁndings will be invaluable for emission inven-
tory evaluations and model veriﬁcations.
1 Introduction
As the host of the 2008 Summer Olympic Games (the Games
of the XXIX Olympiad), Beijing drew international attention
for its severe air pollution. Since its economic expansion
began in the early 1980s, Beijing has become a megacity
of more than 17million residents. High energy demands by
both domestic and industrial users have led to ever increas-
ing consumption of fossil fuels in the processes of electricity
generation, manufacturing, construction, and transportation.
In turn, such activities have produced massive emissions of
nitrogen oxides (NOx=NO+NO2), carbon monoxide (CO),
sulfur dioxide (SO2), volatile organic compounds (VOCs),
and particulate matter (PM), including black carbon (BC).
The air pollution problems in Beijing are characterized by
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poor visibility, resulting from high mass loading of ﬁne PM
(Kirchstetter et al., 1999) and high atmospheric oxidation ca-
pability, due to photochemical smog formation (Tang, 2004).
Recent studies have indicated that both regional and local
sources contribute to air pollution events in Beijing, with lo-
cal sources primarily associated with automobile emissions
(Streets et al., 2007). The number of automobiles in Bei-
jing has increased rapidly in recent years, at an annual rate
of about 15% (Hao et al., 2006; Chan et al., 2008). By the
year 2020, Beijing is expected to have 5 million automobiles
(Han et al., 2008). Automobiles emit substantial amounts of
air pollutants into the urban airshed. Liu et al. (2007) esti-
mated that on-road automobiles in Beijing emitted approx-
imately 3 tons of PM, 199tons of NOx, 192tons of VOCs,
and 2403tons of CO daily. Furthermore, chemical mass-
balance modeling using VOC observations made between
2002 and 2003 showed that automobile exhaust was respon-
sible for 57.7% of the VOC emissions in Beijing (Liu et al.,
2005), while 70% of the VOCs in summer were traced back
to gasoline-engine vehicles and fugitive gasoline vapors (Liu
et al., 2005; Song et al., 2008).
To improve air quality and maintain clean air throughout
the Olympic Games, systematic long- and short-term emis-
sion reduction measures and regulations were implemented
before and during the Olympic Games, including relocat-
ing heavy polluters (e.g., the Capital Steel Company), intro-
ducing strict vehicular emissions standards (equivalent to the
Euro 4 standards), reducing on-road private cars by half dur-
ing the Olympics period through an odd/even plate number
rule, and freezing construction activities during the Olympic
Games (for details, see Table 2).
For the atmospheric chemistry community, these
Olympics air quality measures provided a unique opportu-
nity to study the effects of a set of administrative regulations
on air quality in a megacity over a relatively short period.
To evaluate the effectiveness of the air pollution measures,
an international collaborative ﬁeld campaign, the “Cam-
paign for Air Quality Research in Beijing and Surrounding
Region-2008” (CAREBeijing-2008), was conducted before
and during the 2008 Olympics.
As part of CAREBeijing-2008, a mobile research platform
was developed and used to provide in situ, rapid-response
observations of both the spatial and temporal distributions of
trafﬁc emissions. Such data cannot be obtained by currently
existing and equipped stationary monitoring sites. Relevant
studies of real-time measurements have taken place in Eu-
rope (Bukowiecki et al., 2002; Weijers et al., 2004; Pirjola
et al., 2006), the United States (Kittelson et al., 2004; Jiang
et al., 2005; Westerdahl et al., 2005; Rogers et al., 2006;
Zavala et al., 2006; Isakov et al., 2007), and Asia, including
Hong Kong (Yao et al., 2006, 2007). However, only prelim-
inary studies had been conducted in Beijing (Westerdahl et
al., 2009). Many previous studies focused on ultraﬁne par-
ticle (UFP) measurements along motorways, such as “chase
studies” for speciﬁc vehicle emission factors (Canagaratna et
al., 2004; Herndon et al., 2005). There have been other re-
ports of temporal and spatial analyses in and around certain
cities and countries (Bukowiecki et al., 2003; Weijers et al.,
2004; Isakov et al., 2007).
In this report, we present in situ, on-road measurements
of both trace gases and aerosols in Beijing before, during,
and after the 2008 Summer Olympic Games. We examined
associations of air pollution with meteorological parameters
and the inﬂuence of different control measures on air pollu-
tant concentrations. The regional transport of SO2 from the
south of Beijing is also discussed. The results of this work
demonstrate that a mobile platform is an excellent tool for
real-time characterization of on-road air pollution and can
provide ﬁrst-hand evaluations and prompt feedback regard-
ing emission reduction regulations.
2 Experimental methods
2.1 Mobile laboratory platform
An IVECO Turin V diesel vehicle (L=6.6m, W=2.4m,
H=2.8m; payload=2.7metrictons) was selected as the mo-
bile laboratory platform for online instrumentation and for
performing on-road measurements (Fig. 1). To ensure the
continuous operation of a complete suite of instruments
(for measuring gas-phase and aerosols) and to meet the re-
quired power consumption of 2.7kW, two sets of uninter-
ruptible power systems (UPSs), consisting of two series of
12V/110Ah lead batteries were installed on the vehicle and
could support all the equipment operations without interrup-
tion for up to 6h. In the case of long-range regional mea-
surements, a 6.5kW/220V gasoline-fueled electrical gener-
ator could supply power to all the instruments for more than
12h.
2.2 Inlet system
As shown in Fig. 1, four individual sampling inlet systems
were constructed to minimize pollutant loss in the inlet and
to enhance the sampling efﬁciency. Three inlets were located
separately at the front top of the van, 3.2m above the ground
to avoid any self-contamination by engine exhaust. One in-
let (Fig. 1; position A) was for the gas analyzers (NOx, CO,
CO2, SO2, O3) and the others (positions B, C) were for the
particle instruments and PTR-MS. The gaseous pollutant in-
let consisted of 1.27cm inner diameter (ID) Teﬂon tubing
and a glass manifold (position F) to reduce chemical reac-
tions on the sampling walls. The total length of the tubes was
6.5m. The glass manifold included two tubes. Air ﬂow came
through the inside tube and then into the outer tube. This
design was intended to exclude coarse particles, by gravity,
and keep sampling steam from condensing when the tem-
perature difference between inside and outside the van was
large. To accelerate the incoming speed of air pollutants and
to minimize their absorption on the sampling line walls, a
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Fig. 1. Overview of mobile laboratory construction in Peking Uni-
versity. (A) gas inlet (B) PTR-MS inlet (C) Aerosol inlet (D) wind
speed, wind direction, relative humidity, temperature and pressure
sensors (E) BC inlet with PM2.5 cyclone (F) Close up picture of
glass manifold tubes (G) outlets of gas analyzers.
16.7standardliters/min (SLPM) pump was used at the end of
the outside glass manifold. These gases were then diverted
to each of the gas analyzers through 0.64cmID Teﬂon tubing
by their own 0.5–0.7SLPM pump.
For particles, an isokinetic sampling system was designed
to minimize aerosol aerodynamic losses. When driving at a
constant speed of 60±5km/h, airﬂows containing particles
were forced horizontally into a cone-shaped stainless steel
tube (position C) with a total length of 60cm, an inlet with
1.4cmID, and a body ID of 9cm. The sample ﬂow was
decelerated to 0.4±0.1m/s at laminar ﬂow (Flow Reynolds
number Re<2000). Then, part of the sampling air was isoki-
netically fed into a vertically positioned stainless steel tube
(ID 1.27cm) and into the van, with a constant ﬂow rate of
3.5SLPM by the particle instruments pumps. The remain-
ing ﬂow was discarded backwards. The horizontal inlet sys-
tem (position C) had no pump at the back of the 9-cm tube,
making it slightly different from the inlet used in a mobile
laboratory previous reported (Bukowiecki et al., 2002). To
maintain a constant sampling ﬂow rate, the mobile laboratory
was kept at a constant speed of 60±5km/h during on-road
measurements, when the road conditions permitted. Particle
loss due to gravitational settling, impaction, and diffusion for
size D-1µm and 2.5µm were calculated to be less than 3%
and 9%, respectively (Hinds, 1999).
The sampling inlet for PTR-MS (position B) was a 0.32-
cmID Teﬂon tube individually attached on the horizontal
particle stainless steel tube. The total length was 4.2m, with
an air ﬂow rate of 50sccm. On the rear of the mobile lab, the
BC sampling tube (position E), with a length of 0.7m and a
PM2.5 cyclone inlet of 1.27cmID, was also installed. The
air ﬂow rate was 16.7SLPM and calculated estimates of BC
particle loss for size <2.5µm were less than 2%.
Experimental tests of measured average residence time for
gas species between the sampling system inlet and being de-
tected by gas analyzers, particle instruments and BC instru-
ment (MAAP) were 18, 5, and 3s, with 9, 25, and 17% er-
rors, respectively, with respect to calculated values.
2.3 Instrumentation in the mobile laboratory
Table 1 provides an overview of all the instruments on board
the mobile laboratory, including auxiliary equipment, such
as meteorological sensors and a global positioning system
(GPS). Instruments deployed on the mobile laboratory were
commercial instruments, based on well established technol-
ogy, with preference for instruments having high time res-
olution. Gas analyzers from Ecotech (model 9800sA, Aus-
tralia) were used to measure NOx, CO, and SO2, with detec-
tion ranges of 0–500ppb for NOx, 0–9.8ppm for CO, and
0–221.3ppb for SO2. The working principle of the Ecotech
NO-NO2-NOx analyzer (model 9841A, Australia) is based
on a chemiluminescent technique. The CO monitor (Ecotech
model 9830A) is based on CO absorption of non-dispersive
infrared radiation (NDIR) at a wavelength of 4.6 microns.
SO2 was measured with an Ecotech model 9850A analyzer,
by a ﬂuorescence technique. All the gas analyzers were con-
ﬁgured by the manufacturer to record data at 1Hz. Online
measurement data were recorded with an industrial personal
computer (IPC).
Aromatic VOCs were measured with a compact proton-
transfer reaction mass spectrometer (PTR-MS; Ionicon, Aus-
tria), as used successfully in Mexico City during the MILA-
GRO 2006 campaign (Fortner et al., 2009). The working
principle of the PTR-MS is based on proton transfer reac-
tions between hydronium ions (H3O+) and an analyte with
a proton afﬁnity higher than that of water (Lindinger et al.,
1998; de Gouw and Warneke, 2007). Benzene, toluene, and
the sum of the xylene isomers and ethylbenzene were contin-
uously monitored with the PTR-MS, using the selected ion
monitoring mode. Background checks were performed au-
tomatically once every hour by passing ambient air through
a catalytic converter (de Gouw et al., 2003; Fortner et al.,
2009) that could scrub out VOCs without changing the wa-
ter vapor content. Calibration of the PTR-MS was conducted
using US Environmental Protection Agency TO-15 standards
before or after each on-road sampling trip. The dynamic
range of the calibration was from a few to about a hundred
parts per billion by volume (ppbv), to accommodate the wide
range of on-road air pollutant concentrations.
BC was measured with a multi-angle absorption photome-
ter (MAAP; Thermo model 5012, USA), which used a PM2.5
cycloneinletinstalledinthemiddlesectionofthemobilelab-
oratory. The amount of BC was quantiﬁed by detecting mod-
iﬁcations of the radiation ﬁeld (670-nm visible light source)
in the forward and back hemispheres of a glass-ﬁber ﬁlter
caused by BC depositions with a time resolution of 1 min at
a ﬂow rate of 16.7SLPM. The TSI Model 3550 Nanoparti-
cle Surface Area Monitor, with a high time resolution of 3s,
was deployed to measure the corresponding surface area of
human lung-depositable particles. Its working principle is
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Table 1. Instrumentation deployed on the PKU mobile laboratory.
Parameter Instrument method/ type Time resolution Detection limit
Aerosols
Size distribution D=15–673nm Scanning mobility particle sizer (SMPS)/TSI DMA3081, CPC3772 2min Not deﬁned
Size distribution D=0.3–20µm Optical particle counter(OPC)/Grimm Dust monitor 1.108 6s 1 particle/l
Active surface area Nanoparticle Surface Area Monitor/TSI 3550 3s 0.1µm2/cm3
Black carbon Multi Angle Absorption Photometer(MAAP)/Thermo Model 5012 1min 0.1µg/m3
Gas phase
O3 Ozone analyzer(UV absorption)/ECOTECH 9810A 1s 0.4ppb
NOx NOx analyzer(chemiluminescence)/ ECOTECH 9841A 1s 0.4ppb
CO CO analyzer(NDIR Gas Filter Correlation)/ ECOTECH 9830A 1s 40ppb
CO2 CO2 analyzer(NDIR Gas Filter Correlation)/ ECOTECH 9820A 1s 2.0ppm
SO2 SO2 analyzer(ﬂuorescence)/ ECOTECH 9850A 1s 0.4ppb
BTEX Proton Transfer Reaction Mass Spectrometry(PTR-MS)/Ionicon 30s/cycle <0.3ppb
Others
GPS Trimble Model GT5011-ST 1s
Temperature Met One <1min Not deﬁned
Pressure Met One Model 092 <1min 0.1hPa
Relative humidity Met One Model 083D <1min Not deﬁned
Wind speed/direction Met One Model 010C/020C <1min 0.22m/s
based on diffusion charging of sampled particles, followed
by detection of the aerosol using an electrometer, with a ﬂow
rate of 2.5SLPM. The output data were recorded on an IBM
portable PC.
A freely rotating, high-resolution video camera installed
atop the mobile laboratory provided continuous multi-angle
views of on-road conditions to identify potential emission
sources. A Trimble GPS (model: GT5011-ST) provided pre-
cise latitude and longitude data for spatial analysis as well as
calculation of moving speed. Both video camera and GPS
data were recorded on the IPC.
The Haidian, Chaoyang, and Fengtai meteorological sta-
tionsoftheChineseMeteorologicalAdministrationroutinely
monitor wind direction (WD) and wind speed (WS). In ad-
dition to wind direction and speed, the Peking University
Hospital (PKH) station also monitors relative humidity (RH)
and temperature (T). Data from these four stations cover the
northwest, east, southwest, and central parts of Beijing and
were used to represent meteorological conditions along the
Fourth Ring Road.
2.4 Quality assurance and control
Gas analyzers (NOx, CO, SO2) were automatically zeroed
and calibrated to 80% of the detection range with certiﬁed
calibration standards (500 ppb NO, accuracy 3%; 9.75ppm
CO, accuracy 3%; and 211.2ppb SO2, accuracy 3%; all di-
luted with N2, Beijing Huayuan Gas Chemical Industry Co.,
Ltd.) before and after each sampling trip. Calibration with
ﬁve different concentration points (0%, 10%, 20%, 40%, and
80% of the detection range) was performed once every ﬁve
sampling trips. The error of the calibration results, by de-
tecting standard gases with respect to the concentrations of
standards, was less than 4%. VOC measurement uncertain-
ties were determined from variations in the calibration curve
slopes and were usually within 20% for each VOC species.
The BTEX detection limits were less than 0.3ppbv, which
was three times the standard deviation of the baseline signals.
The MAAP and Nanoparticle Surface Area Monitor were
automatically zeroed before the start of each sampling trip.
The active surface area concentration calculated from SMPS
(Bukowiecki et al., 2002) and the corresponding Nanoparti-
cle Surface Area Monitor concentration agreed within 95%
for these measurements.
Intercomparison was carried out by parking the mobile
laboratory on the ground close to the Peking University
(PKU) monitoring station, which is approximately 20m
above ground level. The instruments at the PKU monitor-
ing station for the intercomparison, such as NOx, CO, SO2,
and BC, were the same as those in the mobile lab, while a
Standard PTR-MS (Ionicon) was used at the PKU monitor-
ing station, whereas a Compact PTR-MS (Ionicon) was in
the mobile lab. Calibrations of each instrument were con-
ducted every day by similar methods as those used for the
instruments in the mobile lab. Calculated loss efﬁciencies
for NOx, CO, SO2, BTEX, and BC while stopping for the
intercomparison were less than 1% (Hinds, 1999). The in-
tercomparison lasted from 24 to 25 August 2008. Differ-
ences between gas-pollutant concentrations were found to be
within 15%, with correlation coefﬁcients of 0.82, 0.89, and
0.91 for SO2, NOx, and CO, respectively. The PTR-MS in
the mobile lab and the PTR-MS at the PKU station agreed in
their VOC diurnal variation trends. However, the concentra-
tion observed by the PTR-MS at the PKU station was only
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about 79% of that observed by the mobile lab PTR-MS. This
difference may be related to the different elevations of the
two monitoring locations as well as instrument differences
between the respective PTR-MSes at the mobile lab and the
PKU station.
2.5 Air pollution control measures
Table 2 summarizes various air pollution control measures
adopted by the Beijing Municipal Environmental Protection
Bureau (EPB). Generally, these measures were classiﬁed into
before (before 19 July 2008), during (20 July–19 September
2008), and after (after 20 September 2008) the full-scale con-
trol periods, according to the magnitude and scale of control
measures. The full-scale control period included comprehen-
sive controls on industrial and construction activities, trafﬁc
emissions, and gas evaporation. To better clarify the effec-
tiveness of different control measures, especially during the
Olympics and Paralympics, we further divided the full-scale
control period into four stages, full scale control: before the
Olympics (20 July–7 August 2008), during the Olympics (8–
23August2008), betweentheOlympicsandParalympics(24
August–6 September 2008), and during the Paralympics (7–
19 September 2008).
2.6 Measurement strategy and vehicle trafﬁc speed
monitoring
The Fourth Ring Road (Fig. 2) was selected as the route for
each measurement trip because various types of vehicles are
allowed on this road and it has no trafﬁc lights and repre-
sents typical major road conditions in Beijing. The Fourth
Ring Road is 65km long and encircles the most urban part
of Beijing. We conducted measurements in the afternoon be-
cause at this time the Fourth Ring Road normally had no
trafﬁc jams, and the mobile laboratory could keep a rela-
tively constant speed during each sampling trip. Each trip
started at 15:30 or 16:00 and the Fourth Ring Road circle
was completed within approximately 68min. In total, 31
measurement trips were made, covering the before, during,
and post full-scale control periods (Table 2). To clarify the
spatial variation of on-road air pollutants and their correla-
tions with other factors, we divided the Fourth Ring Road
into north, east, south, and west road sections, which were
further equally divided into 16 segments (colored blue and
red).
Because of interference by emissions from exhausts im-
mediately in front of the mobile lab, several methods were
used to identify and exclude such emission plumes. These
included driving the mobile lab at a constant speed and care-
fullykeepingmorethan30mawayfromthevehiclesinfront,
checking the wind direction of the incoming wind by mete-
orological sensors on top of the mobile lab near the sam-
pling inlets, and investigating video camera images when ex-
tremely high peak concentrations appeared.
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Fig. 2. Map of the city of Beijing. The 4th Ring Road was chosen
as the sampling route. For analysis purposes, this route was binned
into 16 sections of equal length seen here colored red and blue.
The red stars show meteorological stations and places where trafﬁc
speed was recorded (Version: Google map 2009).
Self-contamination by exhaust from the engine and gen-
erator of mobile laboratory is also an important issue that
should be assessed and eliminated from the measurements.
In addition to minimizing the inﬂuence by measures noted
previously, such as using UPS batteries as the power sup-
ply and installing the sampling inlet forward, the mobile lab
maintained a speed of 60±5km/h, or 17m/s, which is much
higher than the normal wind speed in Beijing. Thus, during a
measurement trip, the exhaust of the vehicle could not reach
the front as a result of the wind from the back of the vehicle.
To further examine the level of any self-contamination, the
mobilelabwasdrivenonanewhighwaywithalmostnoother
vehicles at 60±5km/h. Pollutants concentrations were mea-
sured at background level in this region (e.g., the NO con-
centration was observed to be less than 3ppb), indicating that
self-contamination of the platform was negligible.
To continuously monitor trafﬁc speed and vehicle numbers
on the Fourth Ring Road, a Sony video camera mounted on
Sijiqing Bridge on the west section of the Fourth Ring Road
was operated from 17:00 to 18:00 local time for 28 days,
corresponding to periods of the research trips. Vehicle types
were cataloged into three categories: LDVs, MDVs, and
HDVs.
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Table 2. Sampling and starting dates of different air pollution control measures before, during and post 2008 Olympics and Paralympics
(compiled from Beijing EPB released information on web page, The 14th control strategy on Beijing air quality, 2008).
Periods Detailed Periodsa Starting Datesb Control measuresc Sampling datesd
1 Mar 2008 Introduce new vehicular emission standard, equivalent to Euro 4 18 Jul 2008
19 Jul 2008
Before full Before full Not Relocating heavy industrial polluters, etc. Shou gang steel factory and other
scale control scale control deﬁnede, factories in south area of Beijing; install desulfurization facility in factories
(Pre-20 Jul 2008) (Pre-20 Jul 2008) around Beijing
Implementing low fugitive emission facilities at more than 1000 gas stations
23 Jun 50% of government cars were not allowed to drive.
2008 Diesel and heavy polluting vehicles not allowed to drive in Beijing
Only those vehicles meeting emission standards equivalent to Euro 2 were
allowed to enter Beijing.
Full scale control Full scale control: 20 Jul 2008 Starting the full scale control 18 Jul 2008
(20 Jul 2008– before Olympics The odd/even plate number rule for trafﬁc control 22 Jul 2008
19 Sep 2008) (20 Jul 2008–7 Aug 2008) Stricter control on vehicles entering in Beijing 28 Jul 2008
Reduce or stop production at certain factories surrounding Beijing. 30 Jul 2008
4 Aug 2008
Full scale control: 8 Aug 2008 Extra 20% of governmental cars were not allowed to drive. 12 Aug 2008
during Olympics Stop outdoor construction activities 14 Aug 2008
(8–23 Aug 2008) Temporally close some gas stations 16 Aug 2008
Increase bus ﬂeet and transit frequency 18 Aug 2008
22 Aug 2008
Full scale control: The same as Full scale control: before Olympics 25 Aug 2008
Between Olympics and 27 Aug 2008
Paralympics (24 Aug 2008– 28 Aug 2008
6 Sep 2008) 29 Aug 2008
4 Sep 2008
5 Sep 2008
Full scale control: The same as Full scale control: during Olympics 8 Sep 2008
during Paralympics 9 Sep 2008
(7–19 Sep 2008) 10 Sep 2008
11 Sep 2008
18 Sep 2008
19 Sep 2008
Post full Post full 20 Sep 2008 Lifting of regulations adopted from 20 July. 22 Sep 2008
scale control scale control Control 20% of private cars based on the last digital of plate number. 25 Sep 2008
(After-20 Sep 2008) (After-20 Sep 2008) 26 Sep 2008
28 Sep 2008
30 Sep 2008
2 Oct 2008
6 Oct 2008
a divided the full scale control period into four periods: full scale control before Olympics, full scale control during Olympics, full scale
control between Olympics and Paralympics and full scale control during Paralympics. Therefore, six periods were formed based on different
control measures. Details please see Sect. 2.5.
b Showed the starting dates of different control measures on the air pollutants in Beijing and were categorized to the six detailed periods.
c Showed the chief contents of control measures on air pollutants made by Beijing EPB corresponding to different periods.
d Listed the sampling dates with 31 days in total, covering the six detailed periods.
e Means the starting dates were unclear but all of these control measures should be ﬁnished before 31 June, 2008.
3 Results and discussion
3.1 Temporal and spatial variations of on-road air
pollutants
As shown in Fig. 3, strong temporal and spatial variations
in the concentrations of BTEX, NOx, BC, and PM1 surface
area (S(PM1)) were measured from 18 July to 6 October in
Beijing. The numbers 1, 2, and 3 represent periods of air pol-
lution control measures: 1, before full-scale control (before
20 July); 2, during full-scale control (20 July–20 Septem-
ber); 3, post-full-scale control (after 20 September). The let-
ters N, E, S, and W represent the north, east, south, and west
sections of the Fourth Ring Road, respectively. A constant
speed of 60±5km/h was maintained during each trip, which
took roughly 68min to complete; each grid therefore rep-
resents a 1-min time window and 1km driving distance on
the Fourth Ring Road. The blank grids in the ﬁgures denote
missing data due to technical problems. The sudden changes
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Fig. 3. Temporal and spatial distribution of the concentrations of BTEX, NOx, and BC, and PM1 surface area (S(PM1)) along the Fourth
Ring Road of Beijing, covering from pre-full scale control to post-full scale control periods. The number 1, 2, 3 represent different periods
with regard to trafﬁc control policy changes, 1: before full scale control (before 20 July); 2: during full scale control (20 July–19 September);
3: post full scale control (After 20 September). The letters N, E, S, and W represent the north, east, south, and west sections of the Fourth
Ring Road.
in color (mixing ratio) within minutes were associated with
air directly emitted from vehicle exhaust.
As shown in Fig. 3, the BTEX concentration was 30ppb
before the full-scale control period; on 22 July, just 2 days af-
ter the beginning of the full-scale control, BTEX decreased
drastically to about 10.2ppb and maintained this level until
the end of the Olympics, with a level of 7ppb on 23 August.
On 28 and 30 July, BTEX dropped to an average concen-
tration less than 1ppb, mainly due to rain and wind from
the north. After the end of the air pollution control period
(20 September), BTEX gradually increased and reached a
peak level of 15ppb (28 September). The NOx concentra-
tion showed a similar trend but increased to a higher level
than that of BTEX after the trafﬁc control period ended.
Trends in S(PM1) and BC concentrations were similar to
those of BTEX and NOx, with the lowest levels observed
during the Olympics period. However, after the air pollution
control period, both the PM1 surface area and BC concentra-
tion increased by a factor larger than that of BTEX and close
to that of NOx.
To further evaluate the temporal and spatial variation
of on-road pollutants before, during, and after the Beijing
Olympics, data were examined from the north, east, south,
and west sections of the Fourth Ring Road. Figure 4 shows
the average concentrations of NOx, CO, BC, and S(PM1)
along the four sections during the different air pollution con-
trol periods: pre-full-scale control (before 20 July), full-scale
control: during the Olympics (8–23 August), and post-full-
scale control (after 20 September). The standard deviations
indicate the concentration variations in the four segments, as
shown in Fig. 2.
Along the four sections, the average concentrations of
NOx, CO, BETX, SO2, BC, and S(PM1) were all lowest dur-
ingthe Olympics. Amonggaseous pollutantsand PM,BTEX
concentrations showed the largest reduction between the pre-
full-scale control period and the post-full-scale control pe-
riod. Concentrations of NOx were similar in the pre-full-
scale control and post-full-scale control periods, CO concen-
trations were lower in the post-full-scale control period than
during the pre-full-scale control period, while SO2 and BC
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west) during periods of before-full scale control (before 20 July), full scale control  4 
during Olympics (8 August - 23 August) and post full scale control (After 20  5 
September). The standard deviations represented the concentration differences of those  6 
pollutants on four road lines of each side as shown in Fig.2. during corresponding days  7 
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Fig. 4. The spatial variation of selected trafﬁc-related pollutants (NOx, CO, BTEX, SO2, BC, and S(PM1)) on four directions of the Fourth
Ring Road (north, east, south and west) during periods of before-full scale control (before 20 July), full scale control during Olympics (8
August–23 August) and post full scale control (After 20 September). The standard deviations represented the concentration differences of
those pollutants on four road lines of each side as shown in Fig. 2 during corresponding days of each periods.
concentrations and S(PM1) had slightly higher values in the
post-full-scale control period than in the pre-full-scale con-
trol period.
During the same periods, no large difference was observed
in the average concentrations of on-road air pollutants in the
four sections of the Fourth Ring Road, suggesting that the
air pollutants were homogeneously distributed in Beijing and
that the air pollution controls were effective for the whole
city. However, in the pre-full-scale control period, concen-
trations of NOx, CO, and BTEX and S(PM1) showed similar
spatial distributions, with the highest values in the north sec-
tion, followed by the east, south, and west sections. This
result probably reﬂects the impact of the prevailing wind di-
rection on the dispersion of air pollutants; during the sam-
pling trips, winds were primarily from the south and south-
west. Thus, the north and east sections would have been
downwind of Beijing and inﬂuenced by vehicular emissions
from the city, while the south and west sections would have
been upwind. During and after the Olympics, this spatial dis-
tribution pattern changed, probably due to implementation
of the air pollution reduction measures within Beijing dur-
ing the Olympics as well as a change in wind patterns after
the Olympics. The exception of SO2 in the spatial variation
likely reﬂects the long-distance transport of SO2 from other
areas, because no major SO2 emission source exists within
the city of Beijing.
3.2 Inﬂuence of meteorological conditions on air
pollutants
Given that meteorological conditions also inﬂuence the con-
centrations of gaseous pollutants and PM, we also assessed
the inﬂuence of wind speed, wind direction, relative humid-
ity, and temperature on air pollutant concentrations. Figure 5
shows a rose plot of wind speed and direction in Beijing from
15:30 to 17:00 on the days of our sampling trips. These
results conﬁrm that wind patterns were consistent at differ-
ent stations in Beijing, with prevailing winds from the south,
southwest, and northeast. With low wind speed (<2ms−1),
more ﬂuctuation in wind direction was observed.
Table3showsthecorrelationcoefﬁcientsbetweenthecon-
centrations of air pollutants averaged over each road seg-
ment and the meteorological parameters (wind speed, rel-
ative humidity and temperature) measured at the PKH sta-
tion throughout the campaign. We used PKH data, because
this station is located at the center of Beijing. Generally,
wind speed and temperature showed slightly negative corre-
lationswiththeconcentrationsofalltheexaminedpollutants.
Also, the concentrations of air pollutants showed slight pos-
itive correlations with relative humidity. Although no pro-
nounced correlation was found within the whole measure-
ment period, certain meteorological conditions unfavorable
for pollutant dispersion may have led to high levels of air
pollution. For example, on 4 August, SO2 and BC concentra-
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Table 3. Correlations coefﬁcients (r) between air pollutants and wind speed, temperature, and relative humidity.
CO NOx SO2 Benzene Toluene X+E BC S(PM1)a
N =193 N =201 N =203 N =218 N =218 N =218 N =182 N =159
Wind speed −0.03 −0.05 −0.06 −0.11 −0.11 −0.11 −0.05 0.21∗
Temperature 0.07 −0.44∗∗ −0.01 −0.28∗ −0.35∗∗ −0.35∗∗ −0.30∗∗ −0.31∗∗
Relative humidity 0.39∗∗ −0.06 0.41∗∗ 0.36∗∗ 0.11 0.19∗ 0.36∗∗ 0.04
∗ Correlation is signiﬁcant at the 0.05 level (2-tailed).
∗∗ Correlation is signiﬁcant at the 0.01 level (2-tailed).
a S(PM1): PM1 surface area.
tions and S(PM1) increased rapidly to 17.3ppb, 7.27µg/m3
and 122.5µm2/cm3, respectively, concurrent with high rela-
tive humidity and low wind speed.
Figure 6 shows the correlations between benzene concen-
trations averaged for each of sixteen segments and corre-
sponding relative humidity and temperature in the pre-, dur-
ing, and post-full-scale control periods. By selecting the
high-frequency distributions of relative humidity and tem-
perature among the whole data, the ranges in relative humid-
ity and temperature were chosen as 35–62% and 25–35◦C,
respectively. The benzene concentrations had weak posi-
tive correlations with relative humidity and negative corre-
lations with temperature. However, benzene concentrations
varied in different periods within similar, short relative hu-
midity and temperature ranges. Before the Olympics, ben-
zene varied from 4 to 6ppb within a relative humidity range
of 50–60% and temperature range of 30–32◦C. This was
much higher than the values of 0–3ppb during and after the
Olympics within the same relative humidity and tempera-
ture ranges. This large difference clearly indicates that the
emission control measures were very effective in reducing
on-road concentrations of benzene.
3.3 Effectiveness of the measures on reducing air
pollutants
3.3.1 Trafﬁc-related air pollutants
Both CO and NOx are commonly used as trafﬁc emission in-
dicators. Table 4 shows signiﬁcant positive correlations be-
tween the concentrations (averaged over each of the 16 seg-
ments of the Fourth Ring Road throughout the whole cam-
paign) of CO and BTEX and of NOx and BTEX, which
ranged from 0.66 to 0.76 and 0.60 to 0.70, respectively. Ben-
zene is a marker of volatile aromatic hydrocarbons in regions
of intensive trafﬁc (Khoder, 2007). It displayed strong cor-
relations (r>0.86) with other BTEX species in our study, in-
dicating that vehicular sources were responsible for most of
the BTEX. Thus, it was concluded that most of the CO, NOx,
and BTEX measured in this study were likely from motor ve-
hicle emissions, which previous studies have estimated as ac-
counting for 74% of the NOx and 57.7% of VOCs emitted in
Beijing (Hao et al., 2005; Liu et al., 2005). Given that emis-
sions from LDVs with gasoline engines have been identiﬁed
as the major portion of the total vehicular emissions in Bei-
jing (Hao et al., 2005; Song et al., 2007), concentrations of
on-road air pollutants (e.g., CO, NOx, BTEX species) should
be well correlated with the number of LDVs on the road, as
will be discussed in a later section.
BC is emitted by combustion sources, such as vehicles,
power plants, and biomass burning. S(PM1) served as an in-
dicator of ﬁne particles in our study. A good association was
shown between S(PM1) and BC (r=0.7; Table 4), but both
correlated weakly with CO and NOx (r<0.43; Table 4). The
correlation between S(PM1) and BC indicated that on-road
ﬁne particles and BC came from similar sources. The weak
correlation with CO and NOx suggested that BC and S(PM1)
in Beijing might come from sources other than LDVs. Be-
cause industrial activities were curtailed and biomass com-
bustion was strictly prohibited during the Olympics, we be-
lieve that BC and S(PM1) could be generated by HDVs with
diesel engines, as has been reported in other research (Fruin
et al., 2004; de Castro et al., 2008), although HDV exhaust
does not constitute a major portion of overall trafﬁc exhaust
in Beijing.
3.3.2 Association between on-road air pollutants and
number of vehicles
Different air pollution control measures were implemented
at different stages of the Olympics. To evaluate the effects of
various control measures on reducing air pollution in Beijing
(Table 2), we divided the data set into the following six peri-
ods covering both the Olympics and Paralympics periods: 1,
before full-scale control (before 20 July); 2, full-scale con-
trol before the Olympics (20 July–7 August 2008); 3, full-
scale control during the Olympics (8–23 August 2008); 4,
full-scale control between the Olympics and the Paralympics
(24 August–6 September 2008); 5, full-scale control during
the Paralympics (7–19 September 2008); 6, post-full-scale
control (after 20 September 2008).
Figure 7a and b shows the average concentrations of NOx,
CO, and BTEX in these different control periods, and the
concurrent numbers of LDVs and MDVs per hour; Fig. 7c
www.atmos-chem-phys.net/9/8247/2009/ Atmos. Chem. Phys., 9, 8247–8263, 20098256 M. Wang et al.: On-road air pollutants during the Beijing 2008 Summer Olympics
Table 4. Correlations coefﬁcients (r) between on-road air pollutants measured pre (before 20 July), during (20 July–19 September), and post
(After 20 September) full-scale control periods.
CO NOx SO2 Benzene Toluene X+E S(PM1)a BC
N =153 N =131 N =143 N =149 N =149 N =149 N =101 N =121
CO 1
NOx 0.70∗∗ 1
SO2 0.65∗∗ 0.18 1
Benzene 0.66∗∗ 0.60∗∗ 0.34∗∗ 1
Toluene 0.75∗∗ 0.68∗∗ 0.23∗∗ 0.88∗∗ 1
X+E 0.76∗∗ 0.67∗∗ 0.20∗ 0.86∗∗ 0.93∗∗ 1
S(PM1)a 0.35∗∗ 0.30∗ 0.45∗∗ 0.25∗ 0.19 0.18 1
BC 0.43∗∗ 0.31∗∗ 0.54∗∗ 0.34∗∗ 0.20∗ 0.22∗ 0.70∗∗ 1
∗ Correlation is signiﬁcant at the 0.05 level (2-tailed).
∗∗ Correlation is signiﬁcant at the 0.01 level (2-tailed).
a S(PM1): PM1 surface area.
shows the BC concentration and S(PM1) with the number of
HDVs per hour. The standard deviations represent the con-
centration variation of those pollutants during each sampling
trip within corresponding periods.
Pollutant concentrations varied widely by period accord-
ing to policy alterations and appeared to be strongly inﬂu-
enced by trafﬁc density. Before full-scale trafﬁc control
(before 20 July), NOx, CO, and BTEX concentrations had
similar patterns, reaching peak values of 110.8±30.0ppb
for NOx, 2.4±0.7ppm for CO, 3.4±3.0ppb for benzene,
7.4±3.4ppb for toluene, and 10.4±4.7ppb for X+E. Under
the strictest vehicle restrictions during the Olympics (8–23
August), each of these species reached its lowest concentra-
tions recorded during this study. After the Olympics, the av-
erage values of these species again increased. These trends
correspond to those in the numbers of LDVs and MDVs per
hour on the Fourth Ring Road. This result is consistent with
the assumption that gasoline-fueled LDVs and MDVs are the
mainsourcesofNOx, CO,andBTEXinBeijing. Apparently,
controlling the number of LDVs and MDVs on the road was
very effective in reducing NOx, CO, and BTEX concentra-
tions.
Furthermore, during the Olympics and the periods there-
after, the BC concentration and S(PM1) showed increasing
trends similar to those in the number of HDVs. This ﬁnding
suggests that diesel-powered HDVs may be major sources of
on-roadBCandﬁneparticles. However, beforetheOlympics
period, the changes in BC concentration and S(PM1) did not
closelyfollowthechangeinHDVnumber, indicatingthatbe-
fore the Olympics, other emission sources, such as industrial
activities and biomass burning, also contributed to on-road
ﬁne particles and BC.
3.4 Sources of SO2, BC, and S(PM1)
BC and S(PM1) have weak correlations with CO and NOx,
with correlation coefﬁcients (r values<0.43; Table 4), while
theircorrelationwithSO2 wasstronger(rvalues>0.45). This
suggests that regional transport might also play a role in con-
tributing to on-road ﬁne particles. Because SO2 was strictly
regulated in Beijing, the likely sources of this pollutant were
outside the city.
Further information about the sources of ﬁne particles is
shown in Fig. 7c, which shows that BC concentration and
S(PM1) correlated with the number of HDVs differently in
the periods before and after 8 August. After 8 August, both
BC concentration and S(PM1) followed the trend of HDVs
numbers well. This indicates that BC and on-road ﬁne par-
ticles came from different sources in these two periods. Al-
though BC data were recorded on only one day during the
period of 20 July to 7 August, the same type of instrument
at a ground-based station displayed a trend of BC concentra-
tions similar to that illustrated in Fig. 7c.
To identify the underlying causes of the observed pat-
terns of BC and S(PM1), we divided the periods into be-
fore and after 8 August to examine correlations between BC
and S(PM1) with NOx, CO, BTEX, and SO2. As shown
in Table 5, before 8 August, BC and S(PM1) had weak
correlations with BTEX (r<0.23), NOx (r<0.31), and CO
(r<0.41), but strong associations with SO2 (r>0.86). How-
ever, after 8 August, higher correlations of BC and S(PM1) to
BTEX (r>0.52), NOx (r>0.60), and CO (r>0.63) were ob-
served, while the correlation coefﬁcient of SO2 to BC and
S(PM1) declined, to less than 0.52. This difference indi-
cates that, before 8 August, BC, ﬁne particles, and SO2 were
very likely from similar sources, most likely from emissions
by industrial and power plant sources; after 8 August, un-
der stricter regulations, the main sources that emitted BC,
ﬁne particles, and SO2 were effectively controlled, while the
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Fig.5. Rose plots of wind measurements at (a) Haidian (NW), (b) Chaoyang (E), and (c)  4 
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Fig. 5. Rose plots of wind measurements at (a) Haidian (NW), (b)
Chaoyang (E), and (c) Fengtai (SW) meteorological stations during
the period of on-road measurements.
strong correlations of NOx, CO, and BTEX between BC and
S(PM1) suggest that BC and S(PM1) were primarily from
vehicular sources, most likely HDVs with diesel-fueled en-
gines.
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Fig.6 Correlations between benzene and RH, T during the pre (before 20 July), during  3 
(20 July –19 September), and post (After 20 September) full scale control periods. Each  4 
plot represented benzene concentrations of each road lines as shown in Fig.2.  5 
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Fig. 6. Correlations between benzene and RH, T during the pre
(before 20 July), during (20 July–19 September), and post (After
20 September) full scale control periods. Each plot represented
benzene concentrations of each road lines as shown in Fig. 2 corre-
sponding to T and RH.
3.5 BTEX: vehicular emissions versus paints and
solvents
The benzene/toluene ratio (B/T) is a key indicator of aro-
matics originating predominantly from vehicle emissions
(Beauchamp et al., 2004; Hoque et al., 2008). This ratio is
useful for estimating the photochemical age of an air mass
(Khoder, 2007) and is, thus, a good indicator of different
emission sources. The atmospheric lifetimes for benzene and
toluene have been estimated as 9.4 and 1.9 days, respectively,
due to their reactions with OH (Atkinson, 2000). The B/T
is normally the same in urban areas, ranging from 0.25 to
0.5, and usually around 0.5 when vehicle emissions are the
primary sources (Perry and Gee, 1995; Brocco et al., 1997;
Barletta et al., 2005). The rapid response of the PTR-MS
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Fig.7. The traffic-related pollutants ((a)NOx, CO, (b)BTEX, (c)BC and S(PM1))  3 
separated into seven periods based on policy changes; Before full scale  4 
control(before-20 July), Full scale control: before Olympics(20 July - 7 August), Full  5 
scale control: during Olympics(8 August - 23 August), Full scale control: between  6 
Olympics and Paralympics (24 August - 6 September), Full scale control: during  7 
Paralympics (7 September - 19 September), Post full scale control(After – 20  8 
September)) periods and corresponding vehicle numbers. The standard deviations  9 
represented the concentration differences of those pollutants during each cruise among  10 
each of corresponding periods.   11 
Fig. 7. The trafﬁc-related pollutants ((a) NOx, CO, (b) BTEX,
(c) BC and S(PM1)) separated into six periods based on policy
changes; Before full scale control (before-20 July), Full scale con-
trol: before Olympics(20 July–7 August), Full scale control: dur-
ing Olympics(8 August–23 August), Full scale control: between
Olympics and Paralympics (24 August–6 September), Full scale
control: during Paralympics (7 September–19 September), Post full
scale control (after-20 September) and corresponding vehicle num-
bers. The standard deviations represented the concentration differ-
ences of those pollutants during each cruise among each of corre-
sponding periods.
  46
  1 
  2 
Fig.8. The ratio of benzene to toluene for all cruises. The light grey line represents minute  3 
averages. The black line with symbols shows daily averages. The red line shows the average  4 
ratio as calculated for the stable period (from 4 August to 6 October). The blue symbol line  5 
shows daily correlations(r) between toluene and NOx. The red vertical dashed line  6 
separates the dates at August 4.  7 
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Fig. 8. The ratio of benzene to toluene for all cruises. The light grey
line represents minute averages. The black line with symbols shows
daily averages. The red line shows the average ratio as calculated
for the stable period (from 4 August to 6 October). The blue symbol
line shows daily correlations(r) between toluene and NOx. The red
vertical dashed line separates the dates at 4 August.
allowed us to observe real-time variation in the B/T ratio
(Fig. 8). The large ﬂuctuation in the B/T ratio in Fig. 8 is
due to the high time resolution of the PTR-MS (30s), which
allows it to register the passage of different emission plumes,
reﬂecting trafﬁc-related factors, such as trafﬁc density, vehi-
cle types, fuel composition, and fresh exhausts from vehicles
directly in front of the mobile laboratory.
From 19 July to 3 August, B/T values were low and highly
variable, with an average value of 0.26±0.06. In contrast,
higher B/T values with less ﬂuctuation were observed after
12 August, when the average value was 0.48±0.07. Ben-
zene and toluene are emitted in vehicle exhaust and gasoline
evaporation, while toluene is also released from the use of
solvents (e.g., painting, printing, dry cleaning activities; Na
et al., 2003), the evaporation of which depends closely on
the ambient temperature (Schnitzhofer et al., 2008). This
suggests that the lower B/T from 19 July to 3 August may
have been caused by the heavy use of painting solvents for
decorating projects in preparation for the Olympics as well
as fugitive gasoline emissions containing more toluene than
benzene. However, after 12 August, with decorations com-
plete and rigorous controls on solvent usage in place, toluene
emissions from paints and solvents became less important
than those from vehicular sources, and the B/T was primarily
due to vehicle emissions. To further analyze this, a daily cor-
relation between toluene (solvent indicator) and NOx (trafﬁc
emission indicator) was calculated (using SPSS 15.0) and is
shown in Fig. 8. Apparently, the correlation (r) from 19 July
to 3 August was low (r<0.22), while after 4 August, the cor-
relations increased dramatically. This difference was tested
by a two-tailed t-test (SPSS 15.0) and showed p<0.01. This
result lends support to our hypothesis. Apparently, painting
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Table 5. Correlations coefﬁcients (r) between BC and PM1 surface area (S(PM1)) and gaseous pollutants measured pre-Olympics (18 July–8
August), and during Olympics and Paralympics (8 August–19 September).
Benzene Toluene X+E NOx CO SO2
Pre- BC 0.19 0.13 0.10 0.27∗ 0.41∗∗ 0.91∗∗
8 August S(PM1) 0.23∗ 0.16 0.11 0.31∗ 0.33∗ 0.86∗∗
8 August– BC 0.59∗∗ 0.56∗∗ 0.52∗∗ 0.60∗∗ 0.66∗∗ 0.52∗∗
19 September S(PM1) 0.60∗∗ 0.59∗∗ 0.57∗∗ 0.64∗∗ 0.63∗∗ 0.32∗
∗ Correlation is signiﬁcant at the 0.05 level (2-tailed).
∗∗ Correlation is signiﬁcant at the 0.01 level (2-tailed).
Table 6. Comparisons of benzene/toluene ratio (B/T) from present study and previous references.
B/T ratio Location Year References Method
0.60±0.20 Beijing 2001 Barletta et al. Roadside, GC-FID/MS
0.58 Beijing, PKU site 2007 Song et al. Station, GC-FID/MS
0.49–0.55 Beijing, the Fourth Ring Road 2007 Wei et al. Roadside, GC-MS
0.48±0.07 Beijing, the Fourth Ring Road 2008 This study Mobile monitoring, PTR-MS
solvents contributed more to the low B/T level from 19 July
to 3 August.
Previous studies have examined trafﬁc-related BTEX be-
havior in the city of Beijing (Barletta et al., 2005; Song et
al., 2007; Wei et al., 2007), generally using roadside mea-
surements using gas chromatograph/mass spectrometry (GC-
MS) or GC-ﬂame ionization detection (GC-FID). Table 6
compares the B/T values obtained from these studies with
our data. Barletta et al. (2005) reported VOC concentrations
in 43 cities of China in 2001 and deﬁned Beijing as a “trafﬁc-
related city” for its B/T of 0.6±0.2. Wei et al. (2007) found
values of 0.49–0.55, a range similar to ours, from roadside
measurements along the Fourth Ring Road. A higher value
was reported by Song et al. (2007) at the ﬁxed PKU site,
100m from a main road. In short, previous studies generally
reported higher B/T values than ours. These differences may
be caused by several factors, including the changes in fuel
mixtures to the Euro 4 standard after 1 March, 2008, versus
the previous Euro 3 standard, differences between the instru-
ments used, and that B/T is considered to increase with in-
creasing distance from the pollution source (Gelencser et al.,
1997; Simon et al., 2004). Apparently, our mobile laboratory
with PTR-MS measured vehicular exhaust at the shortest dis-
tance from its sources.
3.6 Local emission and regional transport of SO2
Several studies on SO2 transport around Beijing predicted
that high SO2 concentrations would be trapped and accumu-
late when prevailing winds are from the south or southwest
(Sun et al., 2006; Wang et al., 2008), accounting for nearly
23% of the total SO2 concentration (Zhang et al., 2004).
Most of these studies were based on model simulations and
stationary measurements. Real-time regional observations
are needed to validate these predictions.
As shown in Fig. 4, we found higher SO2 concentration on
the south side of the Fourth Ring Road than in the other di-
rections, indicating possible transport of SO2 from the south.
To identify the sources accounting for the high SO2 values
observed from 28 July to 4 August, the mobile laboratory
was driven to the southwest of Beijing outside the Fourth
Ring Road on 6 August. Prevailing winds during these mea-
surements were from the south and southwest. As shown
in Fig. 9a, the SO2 concentration in the southern section
was higher than that in the northern area. An increase in
SO2 concentration was observed when the mobile laboratory
reached Shijingshan district (Fig. 9b) and continued along
Jingkai Highway and South 6 Ring Road, where concentra-
tions were 15ppb. The peak value exceeded 18ppb on Jiang-
shi Highway. This maximum then dropped dramatically be-
low 10ppb when we passed Shijingshan district again on the
return trip to PKU.
This trend was consistent with low frequency variations in
NOx concentrations and S(PM1), indicating that they were
from similar combustion sources. The spikes in NOx concen-
tration and S(PM1) during the sampling trip reﬂected imme-
diate exhaust from nearby trafﬁc, especially at the start of the
trip in the northern area, near the PKU site. Background in-
creases with broad peaks in NOx concentrations and S(PM1)
reﬂected local or regional transport plumes. Peak values of
SO2, NOx, and S(PM1) in Shijingshan district were likely
from local industrial sources a relatively short distances from
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Fig.9. SO2 spatial distribution in (a) southwest of Beijing and (b) corresponding time  5 
serials variation. The prevailing winds were shown by arrow on top left of the map in (a)  6 
and the thin arrows in (a) represented the order of the cruise. The long dashed line in (b)  7 
Fig. 9. SO2 spatial distribution in (a) southwest of Beijing and (b) corresponding time serials variation. The prevailing winds were shown
by arrow on top left of the map in (a) and the thin arrows in (a) represented the order of the cruise. The long dashed line in (b) shows the
range of local emission in Shijingshan district and regional transport in Jingshi Highway.
the road (approximately 12km). Along Jingshi Highway,
the peaks likely reﬂected sources lying within a larger radius
(30km), showing the effects of regional transport.
4 Conclusions
This study demonstrated that the mobile laboratory was a
useful tool for directly evaluating changes in on-road air pol-
lutants along Beijing’s Fourth Ring Road associated with
short-term pollution controls for the Beijing 2008 Sum-
mer Olympics. The mobile laboratory collected data that
could not have been obtained through currently existing and
equipped stationary observation sites in the Beijing area.
We conducted repeated measurements on 31 days from 18
July to 6 October 2008, covering periods before, during, and
after the Olympics pollution controls. Our results show that
the emission control measures were effective in reducing on-
road air pollutants.
High correlations among NOx, CO, and BTEX species
wereobserved, indicatingthatthedominantsourcewasgaso-
line exhaust from LDVs and MDVs. High correlations
were also identiﬁed between BC and PM1 surface area, sug-
gesting that HDV diesel exhaust was a major source when
other BC and PM1 sources were strictly controlled during
the Olympics period. Concentrations of NOx, CO, and
BTEX deceased dramatically from extremely high values be-
fore trafﬁc control regulations to their lowest concentrations
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during the Olympic periods. However, concentrations then
increasedgraduallyaftertheOlympicregulationswerelifted,
especially after the trafﬁc control period, and varied consis-
tently with LDV and MDV trafﬁc-speed variations. No dis-
cernible declines in BC and PM1 surface area were observed
before the Olympics, while gradual increases were shown af-
terward, a trend also reﬂected in the number of HDVs on the
road.
The strong relationship of BC and S(PM1) with SO2 found
before the Olympics (before 8 August) indicated that they
had similar local emission or regional transport sources,
which were later controlled. This suggestion was later
demonstrated by the mobile monitoring in the southwest area
outside Beijing on 6 August, when complex SO2 sources,
both from local emissions and regional transport, were iden-
tiﬁed.
The B/T ratio, regarded as a source indicator, was
0.26±0.06before8August, but0.48±0.07intheperiodafter
8 August. This difference points to the heavy use of paint-
ing solvents in Beijing before the Olympics (before 8 Au-
gust) and the trafﬁc speed and types after 8 August when
pre-Olympics decorations were completed and rigorous con-
trols were placed on solvent usage. With painting solvents
becoming less important, the B/T reached a value primarily
controlled by vehicle emissions.
Thus, our mobile laboratory successfully demonstrated
that the control strategies implemented by the Beijing EPB
were able to effect short-term improvements in air quality.
Further studies on regional sources of both SO2 and PM on
different ring roads of Beijing City as well as areas south of
Beijing are needed in the future.
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